In the present study, we examined whether exposing rats to a high-dose regimen of manganese chloride (Mn) during the postnatal period would depress presynaptic dopamine functioning and alter nonassociative and associative behaviors. To this end, rats were given oral supplements of Mn (750 μg/day) on postnatal days (PD) 1-21. On PD 90, dopamine transporter (DAT) immunoreactivity and [ 3 H]dopamine uptake were assayed in the striatum and nucleus accumbens, while in vivo microdialysis was used to measure dopamine efflux in the same brain regions. The effects of postnatal Mn exposure on nigrostriatal functioning were evaluated by assessing rotorod performance and amphetamine-induced stereotypy in adulthood. In terms of associative processes, both cocaineinduced conditioned place preference (CPP) and sucrose-reinforced operant responding were examined. Results showed that postnatal Mn exposure caused persistent declines in DAT protein expression and [ 3 H]dopamine uptake in the striatum and nucleus accumbens, as well as long-term reductions in striatal dopamine efflux. Rotorod performance did not differ according to exposure condition, however Mn-exposed rats did exhibit substantially more amphetamine-induced stereotypy than vehicle controls. Mn exposure did not alter performance on any aspect of the CPP task (preference, extinction, or reinstatement testing), nor did Mn affect progressive ratio responding (a measure of motivation). Interestingly, acquisition of a fixed ratio task was impaired in Mn-exposed rats, suggesting a deficit in procedural learning. In sum, these results indicate that postnatal Mn exposure causes persistent declines in various indices of presynaptic dopaminergic functioning. Mninduced alterations in striatal functioning may have long-term impact on associative and nonassociative behavior.
Introduction
Manganese chloride (Mn) is a complex trace mineral that in high amounts causes neurotoxic effects in humans, with children appearing to be particularly at risk (Mena et al., 1967; Cawte, 1985; Pal et al., 1999; Tran et al., 2002a,b; Kostial et al., 2005; Fitsanakis et al., 2006a) . Humans exposed to excess Mn for prolonged periods often exhibit extrapyramidal motor impairments similar to Parkinson's Disease (Calne et al., 1994; Mergler, 1999; Aschner, 2000) , as well as cognitive deficits and psychiatric disturbances (Mergler et al., 1994; Aschner, 2000) . Although Mn impacts multiple neurotransmitter systems (Fitsanakis et al., 2006b) , the complex symptomology characteristic of Mn toxicity suggests that both the mesocorticolimbic and nigrostriatal dopamine systems might be affected. Consistent with this hypothesis, MRI studies indicate that Mn toxicity is associated with excessive Mn accumulation in the basal ganglia as well as other cortical and subcortical structures (Dietz et al., 2001; Joseph et al., 2005; Klos et al., 2006; Uchino et al., 2007) .
Studies using rats and nonhuman primates provide evidence that Mn exposure alters dopaminergic functioning at presynaptic terminals. For example, exposing monkeys to Mn reduces striatal dopamine content and alters dopamine release characteristics (Bird et al., 1984; Guilarte et al., 2006) . In rats, infusion of Mn during microdialysis reduces K + -stimulated dopamine efflux in the striatum (Vidal et al., 2005) , while chronic Mn exposure causes longterm reductions in striatal dopamine levels (Gianutosos and Murray, 1982; Komura and Sakamoto, 1992; Ingersoll et al., 1995; Tran et al., 2002a,b; Aschner et al., 2005) . Changes to membrane-associated proteins are also a component of Mn toxicity, because prolonged Mn exposure substantially reduces dopamine transporter (DAT) binding sites in rat and monkey striatum (Eriksson et al., 1992; Reichel et al., 2006) . Curiously, studies examining DAT functioning have provided mixed results, with Mn exposure reported to either increase or decrease [ 3 H]-dopamine uptake in rat striatum depending on experimental conditions Leung et al., 1982) .
Despite the various neuronal changes resulting from Mn toxicity, there is remarkably little evidence that Mn exposure disrupts the unlearned and learned behaviors of rats and nonhuman primates. For example, cynomolgus macaques show only subtle motoric deficits and near normal working memory and problem solving abilities after long-term Mn sulfate treatment Schneider et al., 2006) . Likewise, infant rhesus monkeys fed soy formula containing Mn chloride performed no differently than controls on complex learning tasks (e.g., delayed nonmatch to sample, continuous performance test, etc.) (Golub et al., 2005) . In adult rats, unlearned locomotor responding is often disrupted by perturbations of the nigrostriatal and mesocorticolimbic dopamine systems, therefore it is surprising that Mn has been reported to increase (Nachtman et al., 1986; Calabresi et al., 2001) , decrease (Ingersoll et al., 1995; Talavera et al., 1999) , or have no effect (Dorman et al., 2000; Reichel et al., 2006) on spontaneous locomotor activity. Interestingly, Mn-exposed rats show reduced locomotor responsiveness when challenged with cocaine or amphetamine (indirect dopamine agonists), suggesting that subtle motoric deficits can be unmasked by pharmacological challenge Reichel et al., 2006) . In the only studies examining whether Mn exposure disrupts learned behaviors, Tran and colleagues found that Mn-and vehicle-treated rats performed similarly on passive avoidance and burrowing detour tasks (Tran et al., 2002b) , while Mntreated rats exhibited deficits on a shock avoidance task (Tran et al., 2002a) .
The purpose of the present study was to further examine whether postnatal Mn exposure has long-term effects on presynaptic dopamine functioning and behavior. Using [ 3 H]GBR 12935, we previously showed that exposing rats to Mn (750 μg) on PD 1-21 reduced the number of striatal DAT binding sites when measured in adulthood (Reichel et al., 2006) . One of the goals of the present study was to extend these findings and determine whether postnatal exposure to a high dose of Mn would attenuate DAT protein expression, [ 3 H]dopamine uptake, and dopamine efflux in the striatum and nucleus accumbens of adult rats. A second goal of this study was to determine whether postnatal Mn exposure would affect neuronal systems underlying associative and nonassociative behavior. The conditioned place preference (CPP) paradigm was used because development of a place preference requires the formation of Pavlovian associations between the physical characteristics of the drug-paired chamber (conditioned stimulus) and cocaine (unconditioned stimulus) (Tzschentke, 1998) . Dopaminergic projections to the nucleus accumbens must be intact and functional for normal CPP performance (Baker et al., 1998; Sellings and Clarke, 2003) . In addition, separate groups of rats were trained on a sucrose-reinforced operant task that included both fixed ratio (FR) and progressive ratio schedules. These operant procedures require the formation of stimulusresponse associations (Mackintosh, 1974) and are sensitive to dopamine depletion in the nucleus accumbens (Aberman et al., 1998; Hamill et al., 1999) and striatum (Featherstone and McDonald, 2004a; Faure et al., 2005) . The integrity of nigrostriatal functioning was also assessed by testing vehicle-and Mn-exposed rats on the accelerating rotorod task and in automated activity chambers. In the latter experiment, rats were pretreated with saline or amphetamine (2 or 4 mg/kg) because psychostimulant-induced motor stereotypies are known to be mediated by the striatum (Jaber et al., 1995; Rebec et al., 1997; Canales and Graybiel, 2000) .
It was hypothesized that postnatal exposure to a high-dose regimen of Mn (750 μg/day) would attenuate cocaine-induced CPP, impair acquisition of the FR tasks, lower the 'break point' (i.e., reduce motivation) on the progressive ratio task, impair rotorod performance, and lessen the intensity of amphetamine-induced motor stereotypies. A high-dose Mn regimen was used because similar Mn schedules are purported to approximately mimic human exposure conditions that cause acute neurotoxicity (Dorman et al., 2000) and possibly result in longterm neural and behavioral deficits (Tran et al., 2002a,b) . In regard to dose, it is noteworthy that rats are considerably less sensitive to Mn than are humans or other primates (Aschner et al., 2005) .
Experimental Procedures Animals
Subjects were 155 male and 32 female rats of Sprague-Dawley descent (Charles River, Hollister, CA, USA), born and raised at California State University, San Bernardino (CSUSB). Litters were culled to ten pups on PD 1. Rats were weaned on PD 24 and group housed with littermates. Rats had free access to standard rodent chow (Harlan-Tekland #8604) and water. The colony room was maintained at 21-23°C and kept under a 12-h light/dark cycle. Subjects were cared for in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80-23) under a research protocol approved by the Institutional Animal Care and Use Committee of CSUSB.
Drugs and chemicals
Mn chloride, (−)-cocaine hydrochloride, D -amphetamine sulfate salt, dopamine, and nomifensine maleate salt were purchased from Sigma (St. Louis, MO, USA). Cocaine and amphetamine were dissolved in saline and injected intraperitoneally (IP) at a volume of 1 ml/ kg. [ 3 H]Dopamine (specific activity = 45 Ci/mM) was purchased from GE Healthcare (Piscataway, NJ, USA).
In vivo Mn administration
On PD 1-21, rats were given daily oral supplements (via micropipette) of 0 or 750 μg Mn dissolved in 25 μl of a 10% sucrose solution. Since a constant amount of Mn was delivered each day, rats received more Mn, relative to body weight, during the neonatal period than at later ages.
Rotorod apparatus
Motor function was assessed on a computer-controlled accelerating rotorod (Rotamex-5, Columbus Instruments, Columbus, OH, USA) with 9.5 cm wide channels and a 7 cm (dia.) rod. The rotorod was equipped with a photobeam array for automatically determining latency until the rat fell off the rod.
Locomotor activity apparatus
Locomotion was assessed in activity monitoring chambers (25.5 × 25.5 × 41 cm), consisting of acrylic walls, a plastic floor, and an open top (Coulbourn Instruments, Allentown, PA, USA). Each chamber included an X-Y photobeam array, with 16 photocells and detectors, that was used to determine distance traveled (a measure of locomotor activity) and repetitive motor movements (a measure of stereotypy). The position of each rat was determined every 100 msec.
CPP apparatus
Conditioning and testing were done in rectangular wooden chambers that had three compartments arranged in a truncated T-shape. The two large end compartments (37 × 30 × 45 cm) were adjacent to each other and separated by a removable partition. A third smaller compartment (the placement chamber; 18 × 18 × 45 cm) was located at the side of the junction between the two larger compartments and was connected to them by a removable partition (when this partition was open rats could enter either end compartments from the placement chamber). The color, flooring, and odor of each compartment varied. One end compartment had white walls, wire mesh flooring, and pine bedding, while the other end compartment had black walls, metal rod flooring, and cedar bedding. The small side compartment had gray walls and a solid wood floor.
Operant apparatus
Rats were tested in standard operant conditioning chambers (Coulbourn Instruments, Allentown, PA, USA), measuring 29 × 26 × 33 cm (L × W × H). Active and inactive levers were located on the front wall 10 cm above the chamber floor on either side of a food aperture positioned 2 cm above the floor. Each chamber was placed inside a sound-attenuating cubicle equipped with an exhaust fan that provided masking noise. Chamber operation was controlled by an IBM compatible computer interfaced with a data collection program.
DAT immunoreactivity procedure
On PD 90, male rats (N = 16) were killed by rapid decapitation and accumbal sections were dissected bilaterally using a brain matrix and punch, while striatal sections were removed free hand. Striatal and accumbal samples were homogenized in a lysis buffer (20 mM Tris (pH 8.0) containing 137 mM NaCl, 10% glycerol, 1% Nonidet P-40, 0.5 mM sodium orthovanadate, 1 mM PMSF and protease inhibitor cocktail) and centrifuged twice for 20 min at 14 000 g (4°C ). Protein concentrations were determined using the Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, CA, USA) based on the method of Bradford (1976) , using bovine serum albumin as a standard. Homogenates were frozen at −80°C until assay.
On the day of assay, striatal and accumbal tissue homogenates (50 μg/protein) were mixed with laemmli loading buffer, incubated at room temperature for 1 hr, and loaded on 10% polyacrylamide gels. Gels were electrophoresed at 175 V for 3.5 hr. Proteins were transferred to a PVDF membrane (Immun-Blot, Bio-Rad Laboratories) and blocked for 2 hr in a solution of 5% nonfat dry milk in Tris-buffered saline with 0.1% Tween-20. Blots were incubated overnight at room temperature with the primary antibody for DAT (SC-14002, Santa Cruz Biotechnology, Santa Cruz, CA, USA) at a dilution of 1:300. Blots were washed eight times (5 min each) in wash buffer (Tris-buffered saline, with 0.1% Tween-20) and then incubated in goat anti-rabbit horseradish peroxidase-linked IgG (1:10 000; Pierce Biotechnology, Rockford, IL, USA) for 2 hr at room temperature. Following this incubation, membranes were washed eight times (5 min each) in wash buffer and then incubated for 4 min in peroxidasechemiluminescence substrate (Super Signal West, Pierce Biotechnology). Immunoreactive bands were visualized using film based autoradiography and quantified using a computer assisted densitometer (model GS-700, Bio-Rad Laboratories). Protein loading and transfer were controlled by stripping (Restore™, Pierce Biotechnology), reblocking, and then reprobing the membranes with a monoclonal antibody to glyceraldehydes 3-phosphate dehydrogenase (GAPDH; Imgenex, San Diego, CA, USA) at a dilution of 1:20 000. Each sample was assayed in duplicate and matched controls were run on each gel.
[ 3 H]Dopamine uptake assay [ 3 H]Dopamine uptake assays were conducted using a previously published protocol (Zhu et al., 2004) . On PD 90, male rats (N = 16) were killed by rapid decapitation and the nucleus accumbens and striatum were dissected in the manner just described. Striatal and accumbal samples were immediately homogenized in 20 vols of ice-cold 0.32 M sucrose solution with a hand-held Teflon pestle homogenizer. Homogenates were centrifuged for 10 min at 1,000×g (4°C) and the resulting supernatant was poured off and stored on ice. The pellet was resuspended in 0.32 M sucrose and centrifuged for 10 min at 1,000×g (4°C). The combined supernatants were then centrifuged for 30 min at 17,000×g (4°C). Pellets were resuspended in 20 volumes (i.e., 20 μl of buffer per mg of tissue) of ice-cold oxygenated assay buffer (125 mM NaCl, 5 mM KCl, 1.5 mM MgSO 4 , 1.25 mM CaCl 2 , 1.5 mM KH 2 PO 4 , 10 mM glucose, 25 mM HEPES, 0.1 mM EDTA, 0.1 mM pargyline, and 0.1 mM l-ascorbic acid, pH 7.4).
Synaptosomes (20-40 μg protein) were preincubated in assay buffer for 10 min at 37°C. To determine [ 3 H]dopamine uptake, six concentrations (25-500 nM) of cold and hot dopamine (10 nM) were used. Nonspecific [ 3 H]dopamine uptake was determined in the presence of 10 μM nomifensine. Total assay volume was 1 ml. After the addition of dopamine, incubation continued for 5 min at 37°C and was terminated by inclusion of 3 ml of ice-cold assay buffer followed by immediate filtration through Whatman GF/B glass fiber filters (presoaked with 0.1 % polyethyleneimine). Filters were washed three times with 3 ml ice-cold buffer using a Brandel cell harvester (model M-24, Gaithersburg, MD, USA). Radioactivity was determined by liquid scintillation spectrometry (model LS6500, Beckman Coulter, Fullerton, CA, USA). Protein concentrations were determined using the Bio-Rad Protein Assay as described above.
In vivo microdialysis
Male rats (striatum: N = 16; nucleus accumbens: N = 12) were anesthetized with 55 mg/kg (IP) sodium pentobarbital (Sigma) and a dialysis guide cannula (model CMA/11, CMA, Solna, Sweden) equipped with a dummy probe was surgically implanted in the left striatum (AP = +0.2; ML = +3.2; DV = −5.0 mm) or left nucleus accumbens shell (AP = +1.7; ML = +0.9; DV = −6.0 mm) using coordinates from the rat brain atlas of Paxinos and Watson (1998) . After a 1 day recovery period, rats were placed in a clear cylindrical (25.5 cm in diameter) testing chamber (Instech, Plymouth Meeting, MA, USA) and habituated to the tether system for 1 hr. On the following day, tubing from the microdialysis probe (CMA/11) was attached to a dualchannel quartz-lined swivel (model 375/D/22QM, Instech) mounted on a counterbalanced arm with tether. Using a microinfusion pump (model CMA/102, CMA), artificial cerebrospinal fluid (145 mM NaCl, 2.7 mM KCl, 1.4 CaCl 2 , 1.0 MgCl 2 , 2.0 Na 2 HPO 4 , pH = 7.4) was constantly perfused through the probe at a rate of 1.5 μl/min. The length of the permeable portion of the membrane was 3.0 mm for the striatum and 2.0 mm for the nucleus accumbens.
Following a 3 hr "wash-out" period, dialysate samples were collected continuously in 250-μl polyethylene vials (containing 10 μl of 0.1 N perchloric acid) every 20 min during an 80-min baseline period. Following baseline, rats were injected with cocaine (20 mg/kg, IP) and samples were collected every 20 min for 160 min.
Dialysate samples were analyzed for dopamine using HPLC with electrochemical detection. Samples were tested using a 717plus autosampler (Waters, Milford, MA, USA), an MD-150 column (ESA, Chelmsford, MA, USA) and a Coulochem II electrochemical detector (triple detector electrode system, ESA). The mobile phase (75 mM NaH 2 PO 4 ·H 2 O, 1.4 mM OSA, 10 μM EDTA, 10% acetonitrile; pH 3.1 using H 3 PO 4 ) was delivered via a Waters 1525 binary HPLC pump at a flow rate of 0.5 ml/min. Levels of detected dopamine were expressed as pg/ 10 μl dialysate.
Following testing, rats received an overdose of sodium pentobarbital prior to being rapidly perfused with a 4% paraformaldehyde solution. Brains were sectioned coronally (60 μm) using a cryostat and tissue was stained with thionin for verification of probe placement. Data from animals with inappropriate probe placements were excluded from later statistical analysis.
Rotorod procedure
On PD 90, vehicle-and Mn-exposed male rats (N = 48) were individually habituated to a stationary rod for 3 min after which they were confined to a holding cage. After 10 min, the same rat was placed on a rotating rod that increased in speed from 2 to 20 revolutions per minute (RPM) over a 100 s period (i.e., an increase of 2 RPM every 10 s). Upon falling, the rat was returned to the holding cage for 5 min. The procedure of placing the rat on the rotating rod was repeated twice, with a 5 min interval between each trial. Data recorded were peak RPM attained and latency until falling. Scores were averaged across the three testing trials.
Stereotypy and locomotor activity
On PD 91, vehicle-and Mn-exposed male rats (these are the same 48 rats used in the rotorod experiment) were injected with saline or amphetamine (2 or 4 mg/kg, IP). Rats were immediately placed in activity chambers where the duration of repetitive motor movements and distance traveled (cm) were assessed for 150 min. Repetitive motor movements were defined as the total number of repetitive coordinate changes on the X-Y axes that occurred within 2 s (three back and forth movements were required before the behavior qualified as a repetitive motor movement).
In addition, rats were videotaped and behavioral intensity scores (a measure of stereotypy) were later determined by an observer blind to treatment conditions. For this measure, rats were assessed every 10 min (for a 2-min period) using a behavioral intensity scale developed by Creese and Iversen (1973) . This scale uses the following rating system: 0 = asleep or inactive, 1 = normal exploratory activity (no repetitive behaviors), 2 = discontinuous activity with prominent (repetitive) sniffing or rearing, 3 = continuous activity with repetitive sniffing and rearing in a fixed path, 4 = continuous activity with repetitive sniffing and rearing in the same location, 5 = continuous activity with repetitive chewing or gnawing in a fixed path, 6 = continuous activity with repetitive chewing or gnawing in the same location.
Place preference conditioning
Female rats and mice often show a more robust place preference than males (Russo et al., 2003; Balda et al., 2006) , therefore the ability of Mn to differentially affect the CPP performance of male and female rats was assessed during a 20-day CPP procedure. The CPP experiment consisted of one preconditioning day, eight conditioning days, one preference test day, eight extinction days, one extinction test day, and one reinstatement test day. On PD 90, male (N = 31) and female (N = 32) rats were individually set in the gray placement chamber of the CPP apparatus. After rats entered either the black or white compartment, the partition isolating the placement chamber was lowered and rats were allowed 15 min access to the black and white compartments. Conditioning lasted for eight days (PD 91-98) and consisted of alternating daily placements in the black and white compartments. On the first day of conditioning, half of the rats were injected with cocaine (0, 10, or 20 mg/kg, IP) and restricted to the white compartment, while the other half were injected with saline and restricted to the black compartment. Conditions were reversed on the following day (e.g., rats previously given saline in the black compartment were injected with 0, 10, or 20 mg/kg cocaine and placed in the white compartment). On the preference test day (PD 99), rats were left uninjected and given free access to the black and white compartments for 15 min. Extinction occurred across the following eight days (PD 100-107) and consisted of daily injections of saline followed by alternating daily placements in the black and white compartments for 30 min. On the extinction test day (PD 108), rats were set in the placement chamber and allowed 15 min access to the black and white compartments. On the reinstatement test day (PD 109), all rats received a priming injection of 20 mg/kg cocaine and were again allowed 15 min access to the black and white compartments.
Operant conditioning
Starting on PD 86, male rats (N = 16) were food deprived and eventually maintained at 85-90% of their initial body weight. Upon initially reaching 90% body weight, rats were placed in operant chambers where they were allowed to lever press for a sucrose pellet on a fixed ratio 1 (FR 1) schedule. Rats that did not reach criterion in five days were hand-shaped using successive approximations. After reaching criterion on the FR 1 schedule, each rat was individually advanced to an FR 3 schedule and then an FR 10 schedule. In all cases, two consecutive days with a minimum of 50 responses on the active lever were required before a rat was advanced to the next schedule.
After completion of FR 10 training, rats were switched to a progressive ratio schedule where the number of responses necessary to receive the sucrose pellet increased exponentially through the following series: 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 50, 62, 77, 95, 118, 145, 178, 219, 268, 328, 402, 492, 693, 737, 901 . Each progressive ratio session terminated when the rat failed to complete the ratio for a particular reinforcer within 20 min from delivery of the previous reinforcer. Rats received eight consecutive daily sessions of progressive ratio training. The number of days necessary to reach criterion (FR training only), the number of reinforcements received, the number of responses made on the active and inactive levers, and the last ratio successfully completed were recorded. 'Break point' was defined as the number of reinforcements received because the last ratio completed has the disadvantage of not being a linear measure (Richardson and Roberts, 1996) .
Data analysis
Litter effects were controlled through both experimental design and statistical procedures (for a review, see Zorrilla, 1997) . In most experiments no more than one subject per litter was assigned to a particular group. In cases where this procedure was not possible (e.g., the rotorod experiment), a single litter mean was calculated from multiple littermates assigned to the same group (Holson and Pearce, 1992; Zorrilla, 1997) . In the behavioral and neurochemistry experiments litter was used, whenever possible, as the unit of analysis for statistical purposes (Zorrilla, 1997) . With this statistical model each litter, rather than each rat, is treated as an independent observation (i.e., a within analysis using one value/condition/litter). Withinsubjects statistical procedures were not used when analyzing CPP data because sex was included as a variable and individual litters did not contain enough subjects to provide one subject per group.
For the DAT immunoreactivity experiment, samples were assayed in duplicate and normalized to GAPDH levels before statistical analysis using a paired t test (Mn group) for each brain region. For the [ 3 H]DA uptake experiment, maximal velocity (V max ) and affinity (K m ) were determined using GraphPad Prism software (version 4.0; GraphPad Software, San Diego, CA, USA) and subsequently analyzed using a paired t test (Mn group). In the microdialysis experiment, data were analyzed using separate two-way (Mn group × Time block) withinsubjects analyses of variance (ANOVA) for each brain region. Because DA release had not peaked 20 min after cocaine injection, the first time block was not included in the statistical analyses.
Behavioral data from the rotorod experiment were analyzed using paired t tests (Mn group); whereas, stereotypy (behavioral intensity and repetitive motor movements) and locomotor activity data were analyzed using separate three-way (Mn group × Amphetamine condition × Time block) within-subjects ANOVAs. In the CPP experiment, preconditioning data were analyzed using a three-way (Mn group × Sex × Compartment) mixed model ANOVA. Preference, extinction, and reinstatement data (i.e., amount of time spent in the drug-paired compartment) were analyzed using separate three-way (Mn group × Cocaine condition × Sex) between-subjects ANOVAs. In the operant experiment, progressive ratio data (i.e., number of reinforcements received and number of responses made on the active lever) were analyzed using two-way (Mn group × Day) within-subjects ANOVAs, whereas FR 1 data (i.e., days to reach criterion) were analyzed using a paired t test (Mn group) and a χ 2 test incorporating Yates' correction for continuity (Bruning and Kintz, 1997) . Scores on the criterion variable ranged from 2 to 5, because rats were hand-shaped if the criterion was not attained in five days. With the exception of the CPP experiment, which included female rats, body weight data from all experiments were combined for statistical and presentation purposes. Postnatal weights were analyzed using a two-way (Mn group × Age) repeated measures ANOVA, while adult weights were analyzed with an independent t-test (Mn group). When required, significant higher order interactions were further analyzed using one-or two-way ANOVAs. Newman-Keuls tests and paired t tests were used for making post hoc comparisons [P<0.05].
Results

Body weight
Although a trend was apparent, Mn exposure did not significantly affect body weights on PD 1-21 (Table 1) 
DAT immunoreactivity
Postnatal Mn exposure produced a persistent decline (18%) in striatal DAT protein expression when measured on PD 90 (Fig. 1) 
In vivo microdialysis
Postnatal Mn exposure did not alter basal dopamine levels (collected across the final four 20-min baseline periods) in either the striatum or nucleus accumbens (Table 3) . After cocaine administration, striatal dopamine efflux was elevated in both the vehicle and Mn groups, but the percent increase was relatively smaller in Mn-treated animals (upper graph, Fig. 2 
Stereotypy and locomotor activity
In terms of stereotypy, rats receiving 4 mg/kg amphetamine evidenced significantly greater behavioral intensity scores than rats injected with 2 mg/kg amphetamine, while saline-treated rats scored at basal levels ( Fig. 3) [Amphetamine main effect, F(2, 14)=41.86, P<0.001]. The effects of amphetamine on behavioral intensity scores differed depending on exposure condition. Thus, Mn-exposed rats injected with 4 mg/kg amphetamine exhibited enhanced behavioral intensity scores on time blocks 5-9 and 14 when compared to vehicle-exposed rats given the same dose of amphetamine (upper graph, Fig. 3 The lower dose of amphetamine (2 mg/kg) also induced greater behavioral intensity scores in Mn-exposed rats than vehicle controls, but only on time blocks 3 and 4 (middle graph, Fig. 3 ). Analysis of repetitive motor movements (another measure of stereotypy) produced a similar pattern of results, with the exception that Mninduced differences were only observed after treatment with 4 mg/kg amphetamine [Mn × Amphetamine × Time block interaction, F(28, 196)=1.78, P<0.05]. Specifically, Mn-exposed rats injected with 4 mg/kg amphetamine exhibited longer durations of repetitive motor movements than vehicle-exposed rats given the same dose of amphetamine (Fig. 4) In terms of locomotor activity, rats injected with amphetamine (2 or 4 mg/kg) had greater distance traveled scores than saline-treated rats (Fig. 5) [Amphetamine main effect, F(2, 14) =41.86, P<0.001]. The effects of the amphetamine variable differed according to Mn condition and time block. Specifically, Mn-exposed rats treated with 4 mg/kg amphetamine exhibited significantly less locomotor activity than vehicle-exposed rats injected with the same dose of amphetamine (Fig 5, upper graph) [Mn × Amphetamine × Time block interaction, F(28, 196) =2.61, P<0.001]. The latter effect reached statistical significance on time blocks 6-8. In contrast, the distance traveled scores of vehicle-and Mn-exposed rats were not differentially affected by either saline or 2 mg/kg amphetamine (Fig. 5 , lower and middle graphs).
Cocaine-induced place preference conditioning
On the preconditioning day, rats showed a consistent preference for the black compartment On the preference test day, rats that received cocaine showed a robust preference for the drugpaired (white) compartment (Fig. 6, upper graph) . Specifically, place conditioning with 10 or 20 mg/kg cocaine caused an increase in time spent on the drug-paired side relative to saline controls [Cocaine main effect, F(2, 51)=27.38, P<0.05]. After 8 extinction days, the place preference for the cocaine-paired compartment disappeared, because rats conditioned with cocaine or saline spent similar amounts of time in the white compartment (Fig. 6, middle graph) . During reinstatement testing, a priming dose of cocaine (20 mg/kg) reinstated the place preference of rats originally conditioned with either 10 or 20 mg/kg cocaine (Fig. 6, 
Sucrose-reinforced operant responding
Postnatal Mn exposure significantly impaired acquisition of the FR 1 task (Fig.7) . Specifically, 7 out of 8 vehicle-exposed rats reached criterion on the FR 1 task within five days, while only 2 out of 8 Mn-exposed rats reached criterion [Yates' corrected χ2=4.06, P<0.05] . Even with an upper ceiling of five days (i.e., rats not reaching criterion were eventually hand-shaped), vehicle controls (x̄ = 3.2 days, SEM = ±0.37) acquired the FR task in significantly fewer days than Mn-exposed rats (x̄ = 4.6 days, SEM = ±0.26) [Mn effect, t(7) =2.43, P<0.05] . After acquiring the FR 1 task, all rats from both groups took the minimal number of days (two in each case) to reach criterion on the FR 3 and FR 10 schedules (data not shown).
Performance on the progressive ratio schedule was not altered by pretreatment condition, as the break point (number of reinforced responses) for the vehicle-and Mn-exposed rats did not differ (Fig. 8, upper 
Discussion
The present results show that exposing rats to a high dose of Mn (750 μg) on PD 1-21 causes a long-term decrement in presynaptic dopaminergic functioning that persists into adulthood. Mn-induced reductions in DAT protein expression, while modest, were apparent in both the striatum and nucleus accumbens. The latter finding is consistent with previous work from our laboratory showing that DAT binding site density (B max ) in the striatum declined after postnatal Mn exposure (Reichel et al., 2006) . Experimental manipulations do not always affect DAT binding sites and protein expression in an identical manner (see Zhu et al., 2005; Shepard et al., 2006) , but it now appears that Mn toxicity causes a general reduction in DAT that is detectable using either immunoblotting or radioligand techniques.
In addition to reducing DAT protein expression, postnatal Mn exposure caused long-term changes in the kinetic parameters of [ 3 H]dopamine uptake. Specifically, the maximal velocity (V max ) of [ 3 H]dopamine uptake in the striatum and nucleus accumbens was substantially lower in Mn-exposed rats than vehicle controls. Past research was equivocal about whether Mn exposure affects [ 3 H]dopamine uptake, with the same group of researchers alternately reporting that Mn increases and decreases ) the synaptosomal uptake of dopamine. Consistent with Lai et al. (1982) , the present data show that postnatal Mn exposure causes a prolonged reduction in [ 3 H]dopamine uptake. This particular outcome was anticipated because manipulations (in this case Mn exposure) that decrease DAT protein expression or DAT binding sites should also cause a concomitant reduction in [ 3 H]dopamine uptake (Chagkutip et al., 2003; Zhu et al., 2005) . Besides altering V max , K m was elevated in Mn-treated rats, indicating that Mn exposure decreased the affinity of [ 3 H]dopamine for DAT in the striatum. This pattern of results (i.e., decreased V max and increased K m ) also occurs after acrylamide exposure and is typical of a neurotoxic response (LoPachin et al., 2006) . Interestingly, adding Mn sulfate to striatal synaptosomal preparations decreases [ 3 H]dopamine uptake as well as DAT binding site density (B max ) . Although the latter results are similar to those described in the present study, it is uncertain whether acute and subchronic Mn treatment alters dopaminergic functioning via the same mechanisms. For example, our results cannot be due to acutely elevated Mn levels at the time of testing, because rats exposed to Mn during the postnatal period do not have increased levels of serum or brain Mn in adulthood (Reichel et al., 2006) .
To determine whether Mn exposure has long-term effects on dopamine release characteristics, in vivo microdialysis was used to measure dopamine efflux in the striatum and nucleus accumbens of freely moving rats on PD 90. Results showed that basal dopamine release did not differ according to treatment condition, but that responsiveness to cocaine (20 mg/kg) was blunted in rats previously exposed to Mn. More specifically, cocaine-induced dopamine efflux was reduced in the striatum of Mn-treated rats relative to vehicle controls, while no differences in dopamine efflux were observed in the nucleus accumbens. In this regard, it is noteworthy that Mn caused greater reductions of [ 3 H]dopamine uptake in the striatum than the nucleus accumbens, thus suggesting that the mesocorticolimbic pathway is less sensitive to the toxic effects of Mn than the nigrostriatal pathway. This possible regional difference in toxicity is not due to disparities in Mn accumulation, which is approximately equal in the striatum and nucleus accumbens (Kontur and Fechter, 1988) . Alterations in presynaptic dopamine functioning were also not due to elevated levels of Mn at the time of testing, because we previously showed, using the identical Mn administration procedure (750 μg/day on PD 1-21), that striatal Mn accumulation was significantly enhanced on PD 14 and PD 21, but not on PD 90 (Reichel et al., 2006) .
When considered together, our results show that postnatal Mn exposure causes persistent declines in DAT protein expression and [ 3 H]dopamine uptake in the striatum and nucleus accumbens, as well as long-term reductions in striatal dopamine efflux and DAT binding sites (Reichel et al., 2006) . The most obvious explanation is that these changes in presynaptic functioning are caused by Mn-induced neurotoxicity affecting dopamine terminals. General support for this explanation is provided by a large number of in vivo and in vitro studies showing that Mn is toxic to dopamine-containing cells of the basal ganglia (for reviews, see Hirata, 2002; Takeda, 2003; Erikson et al., 2007) . Other classes of neurons (e.g., glutamatergic and GABAergic) in the basal ganglia also exhibit a neurotoxic response to Mn (Fitsanakis et al., 2006b) , therefore loss of neuronal inputs might be secondarily responsible for some of the perturbations in presynaptic dopamine functioning. Most notably, Mn readily accumulates in the globus pallidus (Fitsanakis et al., 2006b ) and there are extensive direct and indirect connections between this structure and the striatum and nucleus accumbens (Nakano, 2000) . Finally, DAT protein expression is normally regulated by a variety of kinases (Vaughan et al., 1997; Carvelli et al., 2002; Morón et al., 2003) , thus it cannot be excluded that early Mn exposure might cause long-term changes in regulatory proteins that modulate DAT expression and, indirectly, alter dopamine uptake and efflux. The persistent increase in striatal K m values (Table 2) is consistent with the idea that Mn exposure alters the functioning of remaining transporters, while also decreasing DAT protein expression and [ 3 H]GBR 12935 binding sites (Reichel et al., 2006) .
In addition to directly measuring various components of presynaptic dopamine functioning, we assessed the long-term impact of postnatal Mn exposure on associative and nonassociative behavior. Interestingly, vehicle-and Mn-exposed rats performed similarly on the accelerating rotorod task, which is sensitive to major disruptions of nigrostriatal functioning (Wagner and Walsh, 1987; Meshul et al., 2000; Kawasaki et al., 2007) . These results suggest that early Mn exposure was not responsible for any gross motor disturbances in adulthood. More subtle motoric effects were apparent, however, because Mn-exposed rats were more sensitive to the stereotypy-inducing effects of amphetamine. At a transitional dose of amphetamine (2 mg/kg), stereotypy was about equally evident in the vehicle and Mn groups; however, a higher dose of amphetamine (4 mg/kg) preferentially induced stereotypy in Mn-exposed rats (i.e., behavioral intensity scores were elevated and repetitive motor movements increased). The locomotor activity data is consistent with these findings because Mn-exposed rats exhibited a progressive decline in locomotion that re-emerged toward the end of the 150-min testing session (see Fig.  5 ). In normal rats this pattern of results is often observed after high doses of amphetamine, because: (a) locomotor activity decreases as more intense stereotyped behaviors are preferentially expressed, and (b) locomotor activity frequently re-emerges during a poststereotypy phase (Segal and Kuczenski, 1987; Kuczenski and Segal, 1989; Rebec et al., 1997) . Taken together, these unexpected results (we hypothesized that Mn would reduce stereotypy) suggest that early Mn exposure induces long-term neural changes that increase the sensitivity of the nigrostriatal system to amphetamine. The nature of these neural changes is uncertain, but it may involve an increase in dopamine receptor sensitivity or alterations in a second messenger signaling pathway. Lastly, it remains possible that Mn may impact stereotypy through actions in a different brain region, but the striatum remains the most likely locus because it is the primary structure responsible for motor stereotypies (Jaber et al., 1995; Rebec et al., 1997; Canales and Graybiel, 2000) .
In terms of associative behavior, we assessed the long-term impact of postnatal Mn exposure on drug-and sucrose-reinforced appetitive learning. In the CPP task, both doses of cocaine (10 and 20 mg/kg) induced place preference conditioning and reinstated CPP after a prolonged extinction phase. Importantly, postnatal Mn exposure did not alter performance on any aspect of the CPP task (i.e., place conditioning, extinction, or reinstatement testing). Various brain regions and neural networks combine to mediate CPP (for reviews, see Bardo, 1998; McBride et al., 1999) , with the mesocorticolimbic dopamine pathway being particularly important for reward (Baker et al., 1998; Sellings and Clarke, 2003) . Because the nucleus accumbens is a critical target region for the mesocorticolimbic pathway, we hypothesized that Mn-induced alterations in accumbal functioning would disrupt CPP performance. Results indicated, however, that the magnitude of Mn-induced toxicity in the nucleus accumbens, and other relevant brain regions, was apparently insufficient to impair performance on the CPP task. Additionally, CPP performance has been reported to vary according to sex, with female rats and mice showing more robust place preferences than males (Russo et al., 2003; Balda et al., 2006 ; but see Crawford et al., 1995; Campbell and Spear, 1999) . For this reason we included both sexes in the CPP experiment but found that (a) Mn did not differentially affect place preference conditioning of male and female rats, and (b) preference testing and reinstatement performance did not differ according to sex (perhaps due to insufficient n). The only exception was that male rats spent more time in the nonpreferred (white) compartment on the extinction test day than female rats. This effect was not due to sex-related differences in the strength of Pavlovian drug-environment associations, because saline-treated male rats spent more time in the white compartment than saline-treated females.
Postnatal Mn exposure did alter sucrose-reinforced operant responding in adulthood. Specifically, Mn-treated rats took longer than controls to reach criterion on the FR 1 schedule. On subsequent schedules (FR 3, FR 10, and progressive ratio), Mn-and vehicle-exposed rats performed similarly. The poor performance of the Mn group on the FR 1 task may reflect an associative deficit, because the CPP data suggest that reward processes were unaffected by Mn exposure, while performance on the progressive ratio schedule indicated that Mn-treated rats did not have motivational or motoric deficits. Both the striatum and nucleus accumbens are important for operant responding, with dopamine transmission in the striatum being necessary for acquisition of procedural tasks and habit formation (Robbins et al., 1990; Featherstone and McDonald, 2004a; Yin et al., 2004; Faure et al., 2005) , whereas accumbal dopamine release is important for sustained goal-directed behaviors (for reviews, see Salamone and Correa, 2002; Salamone et al., 2003) . 6-Hydroxydopamine (6-OHDA) lesions of the nucleus accumbens disrupt performance on high, but not low, FR schedules (Aberman and Salamone, 1999) , suggesting that Mn-induced changes in accumbal functioning were not responsible for the performance decrement on our FR 1 task. Instead, the striatum is suspect, since 6-OHDA and quinolinic acid lesions of the dorsolateral striatum disrupt acquisition of even simple operant tasks (Robbins et al., 1990; McDonald, 2004a, 2005) . Because only FR 1 responding was affected in the present study, the most parsimonious explanation is that Mn-induced alterations in striatal functioning may have caused a modest impairment in stimulus-response learning. Consistent with this conclusion, Featherstone and McDonald (2004b) reported that striatal lesions did not disrupt performance on a food-reinforced CPP task, while the same rats previously exhibited deficits in operant responding.
In summary, exposing rats to a high dose of Mn caused long-term changes in presynaptic dopamine functioning, which included declines in DAT protein expression, [ 3 H]dopamine uptake, and dopamine efflux. Postnatal Mn exposure also caused an increased sensitivity to the stereotypy-inducing effects of amphetamine. CPP and progressive ratio performance was unaffected by Mn toxicity, although acquisition of a FR 1 task was impaired in Mn-exposed rats. These associative and nonassociative effects may be due to Mn-induced alterations in striatal dopaminergic functioning Mean (±SEM) extracellular dopamine levels in the striatum (upper graph) and nucleus accumbens (lower graph) following administration of 20 mg/kg cocaine. Dopamine efflux was measured using in vivo microdialysis in freely moving adult male rats (n = 6-8 per group). Data are expressed as percent of baseline dopamine levels. Rats had been exposed to vehicle or 750 μg manganese (Mn) on PD 1-21. *Significantly different from vehicle controls (P<0.05). Mean (±SEM) behavioral intensity scores of male rats (n = 8 per group) injected with saline or amphetamine (2 or 4 mg/kg) on PD 91. Rats had been exposed to vehicle or 750 μg manganese (Mn) on PD 1-21. Behavioral intensity scores were based on a rating scale where values ranged from 0 (asleep or inactive) to 6 (continuous activity with repetitive chewing or gnawing in the same location). *Significantly different from rats exposed to vehicle and challenged with the identical dose of amphetamine. Mean (±SEM) repetitive motor movements of male rats (n = 8 per group) injected with 4 mg/ kg amphetamine on PD 91 (these are the same rats as described in Fig. 3 ). Rats had been exposed to vehicle or 750 μg manganese (Mn) on PD 1-21. *Significantly different from rats exposed to vehicle. Mean (±SEM) distance traveled of male rats (n = 8 per group) injected with saline or amphetamine (2 or 4 mg/kg) on PD 91 (these are the same rats as described in Fig. 3 ). Rats had been exposed to vehicle or 750 μg manganese (Mn) on PD 1-21. *Significantly different from rats exposed to vehicle and challenged with the identical dose of amphetamine. Mean (±SEM) time spent in the drug-paired compartment on the preference test day (upper graph), extinction test day (middle graph), and reinstatement test day (lower graph). Male (n = 4-6 per group) and female (n = 5-6 per group) rats were given alternating daily injections of cocaine (0, 10, or 20 mg/kg) and saline from PD 91-98. Rats had been exposed to vehicle or 750 μg manganese (Mn) on PD 1-21. *Significantly different from rats conditioned with 0 mg/kg cocaine (P<0.05). Percent of male rats (n = 8 per group) that reached criterion on the fixed ratio 1 (FR 1) task according to day. Successful completion of the criterion was defined as making a minimum of 50 responses on the active lever for two consecutive days. Rats had been exposed to vehicle or 750 μg manganese (Mn) on PD 1-21. Mean (±SEM) number of reinforcements received (upper graph) and lever presses (lower graph) on a progressive ratio task (n = 8 male rats per group). Rats had been exposed to vehicle or 750 μg manganese (Mn) on PD 1-21. The insets show mean number of reinforcements received and lever presses collapsed across days 1-8. Table 1 Mean (±SEM) body weight (g) of rats exposed to vehicle or manganese ( Basal dopamine levels (pg/10 μl dialysate) in the striatum (n = 8) and nucleus accumbens (n = 6) on PD 90. Extracellular dopamine levels were determined using in vivo microdialysis in freely moving rats. Values represent mean (±SEM) dopamine levels during the final four 20-min baseline periods. Male rats were exposed to vehicle or 750 μg manganese (Mn) on PD 1-21.
